Introduction
The colon, unlike most organs, is normally exposed to high concentrations of ammonia, a weak base which exerts profound and diverse biological effects on mammalian cells. The impact of ammonia on intestinal cell function is largely unknown despite its concentration of 4-70 mM in the colonic lumen. The human intestinal epithelial cell line T84 was used to model electrogenic Cl-secretion, the transport event which hydrates mucosal surfaces and accounts for secretory diarrhea. Transepithelial transport and isotopic flux analysis indicated that physiologically-relevant concentrations of ammonia (as NH4Cl) markedly inhibit cyclic nucleotide-regulated Cl -secretion but not the response to the Ca2" agonist carbachol. Inhibition by ammonia was 25- fold more potent with basolateral compared to apical exposure. Ion substitution indicated that the effect of NH4Cl was not due to altered cation composition or membrane potential. The site of action of ammonia is distal to cAMP generation and is not due simply to cytoplasmic alkalization.
The results support a novel role for ammonia as an inhibitory modulator of intestinal epithelial Cl -secretion. Secretory responsiveness may be dampened in pathological conditions associated with increased mucosal permeability due to enhanced access of lumenal ammonia to the basolateral epithelial compartment. (J. Clin. Invest. 1995. 96:2142 1 . In this report, the terms "ammonia" and "total ammonia" are used interchangeably to indicate the sum of NH' and NH3. When specific mechanisms of transport are discussed, the chemical formulas NH' and NH3 will be used.
The weak base ammonia' exerts profound biological effects on mammalian cells (1) . Plasma membranes are typically highly permeable to NH3 but considerably less permeable to NH', and this characteristic accounts for the widespread experimental use of ammonium salts to manipulate intracellular pH (2) . It is important to recognize, however, that the effects of ammonia on cell function may be more complex than simple alterations in cytoplasmic pH. Ammonia and other weak bases will accumulate within and raise the pH of acidic intracellular compartments, and thereby may induce cell vacuolization, impair lysosomal proteolysis, and perturb membrane recycling events (1, (3) (4) (5) (6) . Fortunately, the concentration of ammonia in extracellular fluids is low, and most cells are rarely, if ever, exposed to concentrations greater than 1 mM under physiological circumstances (1) . The mammalian colon represents an interesting and important exception. Ammonia is formed in the gut lumen by bacterial action upon nitrogen-containing substances such as urea, and is a major component of colonic lumenal fluid, with concentrations in human and rat fecal dialysates reported to range between 4-70 mM depending upon dietary protein intake (7) (8) (9) . Thus, the apical surface of colonocytes is normally bathed by a remarkably high concentration of ammonia. The basolateral aspect of the epithelium and the submucosa are also exposed to unusually high concentrations of ammonia, reflected by the presence of 1-2 mM ammonia in the mesenteric venous blood directly draining the colon (10) . The impact of ambient ammonia on normal intestinal epithelial cell function is largely unknown.
Electrogenic Cl-secretion by crypt epithelial cells is the fundamental means of intestinal surface hydration, and, as such, is thought to represent a primitive defense mechanism which "flushes" the mucosa in response to noxious stimuli (11) . Defective regulation of Cl -secretion accounts for the diarrheal manifestations of numerous infectious and inflammatory intestinal diseases ( 12, 13 ) . In native intestine and in model intestinal epithelia such as the cryptlike human intestinal epithelial cell line T84, Cl -secretion is regulated via cyclic nucleotide and Ca2+-dependent signalling cascades (14, 15) . In the present study, we examine the effect of ammonia on the Cl-transport function of T84 cells. We find that ammonia selectively inhibits and inactivates cAMP-and cGMP-but not Ca2+-regulated C1-secretion when applied to either the apical or basolateral epithelial surface. The inhibitory effect of ammonia is particularly profound with basolateral exposure. The data support a novel role for ammonia as an inhibitory modulator of intestinal epithelial C1-secretion. Pathological conditions associated with altered epithelial barrier function may result in dampened secretory responsiveness due to increased concentrations of lumenal ammonia gaining access to the basolateral compartment.
gen-coated permeable supports for 12-or 24- HPBR displayed a basal TER of 1216+64 Q-cm2 and ISC of 3.4±0.2 MA/cm2 (n = 12 representative monolayers). In the absence of secretagogues, these parameters typically remain stable over at least a 2-3 h observation period (data not shown). Exposure of monolayers to ammonia did not affect basal TER (e.g., TER = 1033±79 and 1294±+121 Q-cm2 after 30 min exposure of the apical surface to modified HPBR containing 135 mM NH4Cl or the basolateral surface to HPBR containing 30 mM NH4Cl, respectively, each n = 4). Because monolayer TER is a sensitive indicator of cell toxicity, such data indicate the absence of non-specific T84 cell injury due to ammonia. In further support of the absence of cell injury, LDH release was not increased by ammonia (1.5 vs. 2.2% for ammonia-treated vs. controls, n = 3 after a 60 min exposure to basolateral 10 mM NH4Cl). With concentrations of apical NH4Cl above 50 mM, the basal transepithelial PD became slightly more negative without a change in TER; this accounted for a small but significant increase in calculated I., (e.g., basal ISC = 8.1±1.5 lLA/ cm2 for monolayers bathed in standard HPBR on the basolateral side with modified HPBR containing 135 mM NH4Cl apically, n = 4). The direction of the change in PD suggests that this deflection could be due to a small diffusion potential for NH'.
Ammonia inhibits and inactivates cAMP-dependent Cl-secretion in T84 cells. Cyclic AMP mediated agonists such as the adenylate cyclase activator forskolin induce a rapid and sustained increase in ISC in T84 cells which has been shown by others to represent activation of net Cl-secretion (14, 18) . The peak ISC generated in response to a maximal stimulatory concentration of forskolin (10 tiM) was found to be profoundly reduced in monolayers bathed in apical and basolateral buffer containing 10 mM NH4Cl (bilateral exposure, Fig. 1 A) . Unilateral exposure of monolayers to either apical or basolateral 10 mM NH4Cl indicated that, while apical exposure exerted a small inhibitory effect on forskolin-stimulated IS, the effect of basolateral exposure alone was nearly equivalent to bilateral exposure ( Fig. 1 B) . In control monolayers, forskolin induces a rapid fall in TER in parallel with the increase in ISC which is consistent with the activation of transcellular ion conductive pathways. NH4Cl did not prevent this forskolin-elicited decrease in TER, but did attenuate it. For example, baseline TER was 1270±80 and 1420±120 Q-cm2 for monolayers bathed for 30 min in control and 10 mM basolateral NH4Cl buffer, respectively (n.s.); by the time of peak ISC after forskolin stimulation, TER had fallen to 540±30 and 820±80 Q-cm2 in control and ammonia-treated monolayers (n = 12, P < 0.005). The magnitude of this attenuation of the forskolin-induced change in TER was consistent with its effect on IS, although, because the forskolin-stimulated transepithelial PD is also affected by ammonia, the change in TER does not entirely account for the effect on ISC and Cl-secretion. Ammonia was found to inhibit peak 1SC throughout a dose-response curve to forskolin (Fig. 1 C) . In monolayers pre-stimulated with forskolin, subsequent exposure to apical or basolateral NH4CI rapidly reduced the ISC to a similar extent as monolayers pre-exposed to NH4Cl followed by forskolin stimulation (Fig. 2) . The inhibitory effect of ammonia on forskolin stimulated ISC was also evident in monolayers bathed in HCO3/CO2 buffer rather than Hepes-buffered solutions (Fig. 3) .
The effect of NH4Cl could not be attributed to altered cation composition of the buffer, as the forskolin-stimulated 'Sc was not inhibited using 30 ( 19, 20) . Several experiments were performed to confirm that the inhibition of the cAMP-elicited ISc by NH4Cl was wholly accounted for by decreased electrogenic Cl -secretion. First, when monolayers were pre-treated with 30 MM bumetanide (to inhibit basolateral Na + -K + -2C -cotransport and thus net Cl-secretion), there was minimal difference in the I., response to forskolin between control and NH4Cl-treated monolayers (peak 'Sc = 11.0±0.8 and 8.5+0.2 MuA/cm2 in the absence and presence of 10 mM basolateral NH4C1, respectively, each n = 3). Second, the forskolin-stimulated Isc was nearly abolished in Cl-free (gluconate) buffer and not substantially affected by the presence Time, minutes (Fig. 4) . In response to forskolin, fluxes of 'Cl rapidly increased in both directions across the epithelium, with basolateral-to-apical flux exceeding apical-to-basolateral flux. Ammonia markedly attenuated the forskolin-elicited flux increase in the basolateral-to-apical (secretory) direction but had no effect on the increase in apicalto-basolateral flux. The decrease in net forskolin-stimulated flux of 36C1 was proportional to the reduction in ISC by NH4Cl, and thus fully accounts for its effects. Forskolin did not increase net flux of 22Na, and although the absorptive flux of Na+ was slightly higher in the ammonia treated monolayers, this difference did not achieve statistical significance; an increase in absorptive Na+ flux would in any event increase rather than decrease the Isc and thus could not account for the action of ammonia.
Collectively, these data indicate that, in T84 cells, NH4Cl both inhibits activation of CP-secretion by forskolin in unstimulated monolayers and inactivates Cl -secretion in forskolinstimulated monolayers.
The effect of NH4Cl did not appear to be due to simple cytoplasmic alkalization. The weak base imidazole has a much lower pKa than ammonia such that at equal concentrations of total base, the concentration of the unprotonated form of imidazole exceeds that of NH3 by approximately 50-fold. Nevertheless, 30 mM apical imidazole did not inhibit forskolin-stimulated ISC (74.1±5.2 tsA/cm2, n = 6, compared to 70.1±3.2 OAA/cm2 for control monolayers, n = 12), and 30 mM basolateral imidazole exerted only a small inhibitory effect (60.3±0.7 jzA/cm2, n = 6) on peak IS. Furthermore, the weak acid butyrate ( 10 mM) did not affect peak forskolin-stimulated I. (n = 6 for basolateral, n = 3 for apical, data not shown), nor did it attenuate the inhibitory effect of basolateral NH4Cl (peak I. = 19.5 ±2.4 vs.
19.6±2.8 ,A/cm2 for 10 mM basolateral NH4Cl in the absence and presence of 10 mM butyrate, respectively, each n = 6, n.s.).
The inhibitory effect of ammonia on Cl-secretion occurs at physiologically relevant concentrations and displays marked asymmetry in basolateral/apical dose dependence. In native intestine, the lumenal concentration of ammonia far exceeds that in mesenteric venous blood. Thus, the apical membrane of native intestinal epithelial cells is normally exposed to considerably higher concentrations of ammonia than the basolateral membrane. Because the initial experiments in T84 cells described above suggested that basolateral NH4Cl exerted a much greater inhibitory effect upon cAMP-regulated Cl -secretion than apical exposure, we examined dose-response relationships for the inhibitory effect of apical and basolateral NH4Cl. As shown in Fig. 5 , the effect of NH4Cl on forskolin-stimulated IS, in T84 cells displayed prominent asymmetry. Basolateral exposure (IC -3 mM) was approximately 25-fold more potent than apical (IC50 -80 mM). Thus, substantial inhibition of cAMP-dependent Cl -secretion is seen to occur at physiologically-relevant concentrations of apical or basolateral ammonia. Inhibition of secretion by ammonia occurred irrespective of whether forskolin was administered on the same or opposite side as ammonia (data not shown), thus excluding the possibility that ammonia interacts with the agonist itself. [NH4C], mM Figure 5 . NH4Cl inhibits forskolin-stimulated ISC in asymmetric fashion. Confluent T84 monolayers were found to serve as substantial barriers to the transepithelial movement of ammonia, as evidenced by measurement of ammonia in either the apical or basolateral buffer after exposure to high concentrations of to ammonia.
Ammonia inhibits cGMP-dependent secretion but does not inhibit Ca2"-dependent Cl-secretion or cAMP-Ca2" synergy.
In T84 cells and in native intestine, Cl-secretion can be evoked by a variety of agonists acting via Ca2 -dependent signaling cascades in addition to those acting via cyclic nucleotide dependent pathways. We therefore examined the effects of NH4Cl on the IS, evoked by the Ca2 -mediated agents, carbachol. In contrast to its inhibitory effect on cAMP-dependent secretion, ammonia slightly enhanced the peak ISC response to carbachol (Fig.   8 A) . In T84 cells, cAMP and Ca2"-mediated agonists are known to interact in synergistic fashion, together eliciting a peak ISC that is substantially higher than the sum of their responses alone (21) . As shown in Fig. 8 B, the synergistic Isc response to carbachol was similar in ammonia-treated or control monolayers after prior stimulation with forskolin. The secretory response to the cGMP-dependent heat-stable enterotoxin of E. coli was inhibited by basolateral NH4Cl in similar fashion as seen with forskolin ( Fig. 8 C) . These data indicate that the effects of ammonia on regulated Cl-secretion are agonist- 10 ,uM (shaded bars) forskolin. Data are mean±SEM for n = 4-6 each group. For 0.5 jM forskolin, the peak ISC is dramatically reduced in NH4C0-treated monolayers (P < 0.001) despite similar cAMP content. In monolayers exposed to 30 mM NH4Cl and 10 mM forskolin (in which cAMP levels are 50-fold elevated over basal levels), the peak IS, is far lower than that achieved with the fourfold elevation of cAMP in control monolayers treated 0.5 jM forskolin (P < 0.001).
stimulatory dose of forskolin (0.5 jLM), elicited a threefold increase in cAMP levels with no difference between control monolayers and monolayers pre-exposed to 30 mM basolateral NH4Cl. However, the IS, induced by 0.5 jLM forskolin was markedly attenuated in ammonia-treated monolayers despite the fact that cAMP levels were identical to control monolayers. A supramaximal dose of forskolin (10 ,uM) elicited a 200-fold increase in cAMP in control monolayers and a 50-fold increase above basal levels in ammonia-treated monolayers, a difference that was statistically significant. However, a 50-fold increase in cAMP (to -30 pmol per monolayer) is far in excess of that required to achieve peak cAMP-dependent secretory responses in T84 cells (17) and maximum physiological responses in other cell systems (22) . As shown in Fig. 9 , only a threefold increase in cAMP levels in control monolayers elicited an Isc of -55 qA/cm2 in control monolayers (0.5 ,iM forskolin), whereas a 50-fold increase in cAMP levels in response to 10 tiM forskolin could only elicit an I., of less than 12 ,tA/cm2 in monolayers treated with 30 mM basolateral NH4Cl. Thus, while ammonia may impair peak cAMP generation in response to a supramaximal dose of forskolin, this effect cannot account for the observed inhibiton of cAMP-regulated I,.
Discussion
Little is known about the potential interaction between NH3/ NH' and the regulated transport of other ions. In principle, ammonia could affect such processes directly (i.e., by competing for transport sites or altering membrane potential) or indirectly (by altering cytoplasmic or endosomal pH, proteolysis, or membrane cycling) (23). It may be particularly important to define such interactions in cells and organs which are exposed to high concentrations of ammonia under normal or pathological conditions. The colon is a rich reservoir of ammonia, and the present study demonstrates that physiologically relevant concentrations of ammonia substantially and selectively inhibit cyclic nucleotide-regulated Cl -secretion in the T84 human intestinal epithelial cell line. In preliminary experiments using isolated rat colonic mucosal sheets, lumenal ammonia has been found to reduce the basal transepithelial PD and inhibit the forskolinstimulated IS, also possibly due to inhibition of Cl -secretion (M. Prasad and W. Silen, unpublished observations). Other Clsecretory gastrointestinal epithelia may be exposed to substantial concentrations of ammonia under certain circumstances. For example, the lumenal concentration of ammonia in the stomach of individuals infected with Helicobacter pylon may reach as high as 30 mM and may correlate with the extent of gastric injury (24, 25) . Yanaka et al. previously observed that NH4Cl reduces the basal gastric mucosal PD, an effect which was also attributed to reduced Cl -transport, although the effects of ammonia on agonist-regulated Cl -secretion was not specifically addressed in that study (25) . Epithelial cells separate biological compartments, a fundamental characteristic termed barrier function. Barrier function relies on the ability of the junctional complex and the apical plasma membrane to selectively restrict the passive permeation of molecules on the basis of size and charge (26) . Apical membranes of certain barrier epithelia have been found to display extremely low permeability to NH3, far lower than that of simple unilamellar lecithin vesicles (27) (28) (29) . These include the apical membrane of epithelial cells from the medullary thick ascending limb of Henle (MTAL) and from stomach. In the case of MTAL, this unusual property appears to facilitate renal tubular transport of NH' (and thus urinary acid excretion) by preventing dissipation of transepithelial ammonia gradients (27) . For gastric parietal and chief cells, the relative impermeance of their apical membranes to NH3 (as well as NH and 2148
Prasad et al. CO2) may be relevant to the ability of the stomach to withstand the harsh lumenal environment created by its acid-peptic secretions as well as the ammonia formed by urea-splitting H. pylon (29) . The low permeability properties of these barrier epithelia may be due to an unusual lipid composition of the exofacial leaflet of the apical membrane bilayer (28) . A recent preliminary report suggests low ammonia permeability in the apical membrane of isolated perfused rabbit colonic crypts (30) . Permeability of human colonocyte plasma membranes is not yet defined.
Apical and basolateral membranes exhibit marked asymmetry in the surface expression of ion channels, pumps, and transporters (31, 32). Thus, any effects of ammonia on intestinal epithelial cell function might depend upon which cell surface is exposed, the relative permeability of apical and basolateral membranes to NH3, and whether or not transport pathways for NH' are present. Here, we observed that basolateral ammonia was at least 20-fold more potent in inhibiting Cl-secretion than apical ammonia. Thus, in comparison to the basolateral membrane, the apical membrane of these cells serves as a more effective barrier in limiting the inhibitory action of ammonia on the T84 secretory apparatus. However, high concentrations of apical ammonia were found to exert small inhibitory effects on cAMP-evoked secretion. Thus, in contrast to MTAL and gastric parietal/chief cells (and possibly rabbit colonic crypts), T84 cell apical membranes are not entirely ammonia impermeant.
The normal colon absorbs substantial quantities of ammonia, approximately 250 mmol daily, and is the major source of the ammonia found in peripheral blood (10, 33, 34) . Thus, regardless of the precise permeability properties of crypt cells alone (native or T84 model crypt cells), the epithelium as a whole clearly does not behave as an absolute permeability barrier to ammonia. There may be heterogeneity in ammonia permeability among the various cells types that constitute native epithelia. Colonic surface epithelial cells are thought to represent the site of active colonic Na' absorption. Cation transport pathways in the apical membrane of these cells are potential routes of permeation for lumenal NH'. The exact concentration of ammonia in the basolateral compartment is unknown, but is likely to be higher than the 1-2 mM normally present in colonic mesenteric venous blood. The mechanism of ammonia absorption by the colon is not fully understood. Distal ileum is thought to possess transport pathways for the active absorption of NH' (35) . Cohen et al., however, observed that in rat distal colon, NH3 is 400 times more permeant than NH', and suggested that passive absorption of NH3 may be quantitatively more important than transport of NH' at physiological fecal pH (33) . Moreover, they observed that ammonia absorption is enhanced in the presence of HCO-secretion, possibly due to titration of lumenal NH' and HCO3-into NH3 and CO2. Our data indicate that inhibition of secretion by ammonia occurs in both Hepes and HCO3-/CO2 buffer; future experiments will address whether HCO03/CO2 potentiates inhibition by apical ammonia.
Basolateral membranes of T84 cells and native colonocytes possess multiple permeability pathways for cations such as Na + and K+, pathways which are also likely to transport NH'. One such pathway, the basolateral Na+-K+-2Cl-cotransporter, is the transport element largely responsible for the cellular uptake and accumulation of Cl-above its chemical equilibrium (36) . In renal epithelial cells, NH' is transported efficiently via the Na+ -K+ -2C1-cotransporter, probably by competing for the K+ transport site (37). Seagrave and co-workers observed in dispersed acinar cells from rat submandibular gland that NH4Cl induced an increase in intracellular Cl-content and that this increase was largely bumetanide-inhibitable (38) . Paulais and Turner reported that acute exposure to NH4Cl in rat submandibular acini caused a transient rather than a sustained increase in pHi (39) . The rapid recovery in pHi after the initial alkalization phase was shown to be bumetanide-sensitive. These data are consistent with ammonia entry both by non-ionic diffusion of NH3 (resulting in initial cytoplasmic alkalization) as well as by bumetanide-sensitive Na'-K+(NH4+)-2C1-cotransport (resulting in subsequent acidification). In preliminary experiments, we found that the pHi of T84 cells responds to basolateral ammonia exposure in similar fashion as dispersed salivary gland cells, with initial cytoplasmic alkalization followed by bumetanide-sensitive acidification (40) . Thus, the enhanced inhibitory potency of basolateral NH4Cl on Cl -secretion may be due to enhanced basolateral membrane permeability to total ammonia, with NH + entry via the basolateral Na+-K+-2CI -cotransporter occurring in addition to non-ionic diffusion of NH3. NH't may also permeate the basolateral membrane through the Na+-K+ The selectivity of ammonia action for cyclic nucleotide mediated agonists is strikingly similar to the effect of cytoskeletal stabilization on cAMP regulated Cl -secretion (44) . We previously reported that the F-actin stabilizer phalloidin inhibits cAMP-dependent Cl-secretion but not Ca2+-dependent responses or cAMP-Ca synergy in T84 cells (44) (45) (46) (47) . Such data suggested that intestinal epithelial Cl-secretion is profoundly influenced, if not directly regulated, by remodeling of actin microfilaments. Ammonia has been reported to reduce Factin and alter degranulation and receptor recycling in leukocytes (48), and thus it is conceivable that its inhibitory effect on cAMP-regulated Cl -secretion in T84 cells is due to perturbation of regulated actin polymerization cascades. It is possible that Na+-K+-2Cl-cotransport may be regulated in part by rapid recruitment of additional cotransporters or associated regulatory elements to the cell surface from cytoplasmic stores (49) . Because weak bases can perturb plasma membrane cycling events (1) , ammonia may interfere with the regulated insertion of new cotransporter units into the basolateral membrane. Alternatively, ammonia may enhance endocytotic retrieval of plasmalemmal cotransporters. It has recently been proposed that regulation of the cAMP-dependent apical membrane C1-channel (the cystic fibrosis transmembrane conductance regulator gene product, CFTR) may also involve rapid alterations in cell surface expression (50) , and thus CFTR also represents a potential target of ammonia action in T84 cells.
Because physiologically relevant concentrations of ammonia were found to inhibit electrogenic Cl-transport both in T84 cells (the present study) and in rat colon (unpublished observations), endogenous ammonia produced by the normal bacterial flora of the colon could play a novel and heretofore unsuspected role as an inhibitory regulator of intestinal salt and water secretion, perhaps serving to dampen epithelial secretory responsiveness to lumenal bacteria and their potentially diarrheogenic toxins and metabolites. Conversely, conditions associated with decreased lumenal ammonia could produce, in a sense, a colonic secretory diathesis and could account in part for antibiotic-associated diarrhea in Clostridium difficile toxinnegative patients or contribute to the severe diarrhea associated with orally administered antibiotics and laxatives used to diminish lumenal production of ammonia in cases of hepatic coma. Given the normally-high lumenal concentrations of ammonia, conditions associated with decreased intestinal barrier function and enhanced epithelial permeability (e.g., inflammation, infection, ischemia) could increase local concentrations of ammonia in the submucosal (basolateral) compartment. Our data indicate that the effects of basolateral ammonia are far more profound than apical ammonia, probably due to selective differences in membrane permeability. Thus, in pathological states, ambient ammonia could interfere with appropriate activation of epithelial secretion and exacerbate tissue injury by impairing this important mucosal defense. Because millimolar concentrations of ammonia also appear to impair synaptic transmission and neurotransmitter release (51 ) and affect inflammatory cell function (48), the potential impact of ammonia on integrative neurohumoral and immune regulation of epithelial transport and barrier function may be substantial and thus merits further investigation.
